N oNfuNctioNiNg pituitary adenomas constitute approximately 15% to 30% of pituitary tumors 10, 16 and typically present with symptoms of mass effect, including vision loss, headaches, and hypopituitarism from compression of the normal pituitary gland. Selective adenomectomy via a transsphenoidal approach remains the primary treatment modality by providing decompression and the prospect for cure. Complete resection rates vary significantly and can be limited due to tumor size and propensity for microscopic invasion of the surrounding structures. 2, 5, 31, 32, 43, 56 Previously reported long-term outcomes following transsphenoidal surgery for nonfunctioning macroadenomas suggest that even gross-total resection carries a 10% to 20% rate of tumor recurrence at distant follow-up. 6, 8, 9, 13, 19, 21, 34, 43, 46, 58, 64, 66 Subtotal resection without adjuvant treatment reportedly results in the progression of adenoma growth in 50% to 60% of patients within 10 years of surgery. 9, 22, 34, 43, 46, 48 For these reasons, patients with nonfunctioning tumors may undergo secondary operations and/ or adjuvant radiotherapy for the treatment of residual or progressive disease. obJective Gamma Knife radiosurgery (GKRS) is frequently employed to treat residual or recurrent nonfunctioning pituitary macroadenomas. There is no consensus as to whether GKRS should be used early after surgery or if radiosurgery should be withheld until there is evidence of radiographic progression of tumor. methods This is a retrospective review of patients with nonfunctioning pituitary macroadenomas who underwent transsphenoidal surgery followed by GKRS between 1996 and 2013 at the University of Virginia Health System. Patients were stratified based on the interval between resection and radiosurgery. Operative results and imaging and clinical outcomes were compared across groups following early (≤ 6 months) or late (> 6 months) radiosurgery. results Sixty-four patients met the study criteria and were grouped based on early (n = 32) or late (n = 32) GKRS following transsphenoidal resection. There was a greater risk of tumor progression after GKRS in the late radiosurgical group (p = 0.027) over a median radiographic follow-up period of 68.5 months. Furthermore, there was a significantly higher occurrence of post-GKRS endocrinopathy in the late radiosurgical cohort (p = 0.041). Seventeen percent of patients without endocrinopathy in the early cohort developed new endocrinopathies during the follow-up period versus 64% in the late cohort (p = 0.036). This difference was primarily due to a significantly higher rate of tumor growth during the observation period of the late treatment cohort (p = 0.014). Of these patients with completely new endocrinopathies, radiation-associated pituitary insufficiency developed in 1 of 2 patients in the early group and in 3 of 7 (42.9%) patients in the late group. coNclusioNs Early treatment with GKRS appears to decrease the rate of radiographic and symptomatic progression of subtotally resected nonfunctioning pituitary macroadenomas compared with late GKRS treatment after a period of expectant management. Delaying radiosurgery may place the patient at increased risk for adenoma progression and endocrinopathy.
There are several management options for patients who receive subtotal adenoma resections. For minimal adenoma remnant without clear evidence of compression of the optic apparatus, expectant management with regular clinical and radiographic follow-up has been adopted as a reasonable approach. However, in the case of residual and recurrent adenomas with a high likelihood of continued growth, repeat transsphenoidal surgery or stereotactic radiosurgery are both acceptable treatment options. Aggressive debulking of invasive, laterally extending adenomas involving the cavernous sinus beyond the medial wall has previously been reported, but can pose undue risk to neurological and endocrine function. Stereotactic radiosurgery is a safe, viable management option for patients who receive subtotal resections and patients with recurrent nonfunctioning macroadenomas, or, less commonly, as an initial treatment for patients with high surgical comorbidities. 4, [23] [24] [25] [26] 28, 33, 35, 37, 45, [47] [48] [49] [51] [52] [53] 61, 65 Stereotactic radiosurgery helps reduce some of the risks of conventional radiotherapy, including hypopituitarism, radiation-induced tumors, carotid stenosis, and stroke, as well as neurocognitive side effects. 1, 30, 38, 39, 56 Gamma Knife radiosurgery (GKRS) is highly effective at preventing radiographic progression of residual and recurrent adenomas. Most large radiosurgical series demonstrate a tumor control rate approaching 90%. 45, 52 In a more recent multicenter study of 512 patients, overall tumor control was achieved in 93.4% of patients at the lastfollow-up with actuarial tumor control rates of 98%, 95%, 91%, and 85% at 3, 5, 8, and 10 years after radiosurgery, respectively. 53 Despite the efficacy of stereotactic radiosurgery, there remains a lack of general consensus on its role in the spectrum of treatment. Specifically, it remains unclear whether GKRS should be used early to treat residual adenoma or after a set period of clinical and radiographic observation during which adenoma growth has been prospectively demonstrated.
Among the reasons that radiosurgery is not routinely performed early after surgery to treat residual adenoma is the concern for radiation-induced endocrinopathy. Older fractionated radiotherapy series have reported incidences of new endocrinopathy ranging from 25% to 40%. 17, 20, 37, 49 However, more recent multicenter radiosurgery series have reported a lower incidence of new or worsened hypopituitarism after radiosurgery that is closer to 20%, with thyroid and cortisol deficiencies reported as the most common postradiosurgical endocrinopathies. 53 Given the high incidence of adenoma progression after subtotal resection over time and the efficacy of radiosurgery for preventing tumor progression with a relatively low incidence of new endocrinopathy, the present study examines the potential utility of GKRS performed shortly after transsphenoidal surgery. This study serves to further define the optimal treatment strategies following subtotal resection of nonfunctioning pituitary adenomas and the attendant risks of an additional procedure versus expectant management.
methods data collection
This study was approved by the University of Virginia Institutional Review Board. All patients who received GKRS for residual nonfunctioning pituitary macroadenomas after subtotal transsphenoidal resection during the period from 1996 to 2013 were evaluated for inclusion in this study. In total, 206 patients received GKRS for residual tumor, but 142 patients were excluded due to inadequate endocrine and/or radiographic follow-up (n = 60), resection performed elsewhere or inadequate preoperative information (n = 51), limited follow-up between resection and radiosurgery (n = 27), craniotomy instead of transsphenoidal resection (n = 2), unclear diagnosis (n = 1), or GKRS performed as an initial treatment (n = 1). Patients who presented with hormonally active tumors were excluded. The final analysis includes 64 patients. All included patients had demonstrable residual adenoma at the conclusion of the resection that preceded GKRS. Data were collected from a retrospective chart review, including patient demographics, presenting symptoms, preoperative and postoperative radiographic imaging and reports, operative notes, treatment data, histological reports, and follow-up clinic reports.
patient evaluation
All patients underwent preoperative imaging (MRI or CT) and neurological and endocrinological evaluations. Serum cortisol, free thyroxine, thyroid-stimulating hormone, luteinizing hormone, follicle-stimulating hormone, testosterone (in men), prolactin, growth hormone, and insulin-like growth factor-I (IGF-1) levels were tested preoperatively. Patients with evidence of vision loss or chiasm compression were referred to an ophthalmologist for formal visual field testing. Nonfunctioning macroadenomas were defined by 1) the presence of a sellar mass greater than 1 cm in dimension (prior to transsphenoidal surgery); 2) an absence of elevated serum prolactin (< 200 ng/ml), adrenocorticotropic hormone, growth hormone, and IGF-1; and 3) an absence of the clinical and biochemical features of Cushing's disease or acromegaly. Patients with low cortisol or thyroxine levels were treated with oral medications. Neurological and endocrine evaluations occurred daily while hospitalized at 8 weeks after transsphenoidal surgery and annually thereafter. Prior to GKRS, patients also underwent comprehensive neurological and endocrine evaluations. Patients underwent stereotactic MRI or CT on the day of GKRS. Clinical and radiographic information from this visit served as the baseline data to which follow-up information was compared.
clinical and radiographic Follow-up
Patients were followed up clinically and with radiographic imaging of the sella (typically MRI) at routine intervals with imaging every 6 months for the 1st year and then annually until 5 years after radiosurgery. After 5 years, patients typically underwent follow-up at annual or biannual intervals thereafter. Follow-up visits consisted of neurological and ophthalmological assessments to evaluate new or progressive neurological deficits. Imaging studies were used to evaluate tumor response to treatment, and endocrine testing was matched to these follow-up time points. All neuroimaging studies were independently reviewed by a neurosurgeon and a neuroradiologist at the University of Virginia Health System. Clinical and radio-graphic outcomes were determined 2 months postoperatively, just before GKRS, and again by the last available examination. A change in tumor size was defined by 15% or greater increase or decrease in tumor volume. 54 Adenomas with less than 15% change in size were deemed stable. New endocrinopathy was defined by laboratory hormonal evaluation and a subsequent physician recommendation for medical hormone replacement therapy.
radiosurgical technique
All GKRS procedures were performed at the University of Virginia Health System. The radiosurgical techniques have been previously described. 51, 55, 62 The procedure was performed using the Leksell Gamma Unit (Elekta Instruments) model U before 2001 and model C thereafter. GammaPlan software (Elekta) was used for treatment planning. Pre-and postcontrast T1-weighted MR images were obtained with a slice thickness of 1.2 mm. Fat-saturated stereotactic imaging was also performed. Placement of a stereotactic Leksell G-frame was performed in the operating room under local anesthesia and additional intravenous conscious sedation as needed. All patients were monitored by an anesthesiologist. Following frame placement, highresolution stereotactic MRI was performed for treatment planning. Pre-and postcontrast thin-slice (1 mm) axial and coronal plane images through the sella were obtained. Fat suppression imaging was performed. Thin-slice stereotactic CT scans were obtained in the rare case of medical contraindications to MRI. Stereotactic radiosurgery and dose planning were then performed in consultation with a neurosurgeon, radiation oncologist, and medical physicist. 52, 56 
statistical analysis
Statistical analyses were obtained using the chi-square and Fisher exact tests. Statistics of means were carried out using the unpaired Student t-test, both with and without equal variance (Levene test) as necessary. Kaplan-Meier curves were plotted for survival and progression-free survival using the dates of first resection, radiosurgery, follow-up imaging, and last clinical follow-up. For all statistical tests, a p value ≤ 0.05 was considered significant.
results patient demographics and presenting symptoms
A total of 64 patients met the study criteria and were included in the analysis. Patients were stratified based on the interval between resection and radiosurgery into early (≤ 6 months; n = 32) and late (> 6 months; n = 32) cohorts. The average age at presentation was 50.8 years, with a slightly higher age at resection (51.9 years) and Gamma Knife treatment (53.7 years). Fifty percent of the patients in each group (n = 16) underwent more than 1 surgical resection before undergoing GKRS. Three patients (9.4%) in the early cohort and 5 patients in the late cohort (15.6%) underwent 3 resections. Patients were followed up for a median radiographic period of 68.5 months (range 10.8-218.9 months) ( Table 1) .
Among the 64 total patients, all but 2 (both in the early cohort with incidental findings from unrelated brain imaging) presented either with 1 or a constellation of symptoms consistent with a diagnosis with pituitary adenoma, which was confirmed by neuroimaging. Across all patients, the most common presenting symptom was a visual deficit (n = 45; 70.3%). The symptoms at presentation were fatigue/ weakness (n = 31; 48.4%), headache (n = 22; 34.4%), and sexual dysfunction (n = 21; 32.8%). Endocrine function at presentation was determined by a combination of serum hormone levels (n = 24) and/or patient medications (n = 40). Twenty-five patients (39.1%) presented with prior endocrinopathy. Of note, 1 female patient was determined to have low gonadal function and was receiving hormone replacement at presentation, but she also had other endocrine abnormalities that were deemed panhypopituitarism. There was no significant difference in presenting symptoms or endocrine function between the 2 groups ( Table 1) .
tumor characteristics
At the time of the initial presentation for resection, all tumors were macroadenomas and were classified by size, volume, involvement and/or invasion of the surrounding structures, and histopathology (Table 2) . Preoperatively, most tumors measured 2 to 4 cm in the maximum diameter (n = 18 in early cohort; n = 20 in late cohort), and the average tumor volume was 8. 3 in the early cohort versus 12 (37.5%) in the late cohort. In 46 (71.9%) of 64 patients, the tumor had a suprasellar component, and 49 patients (76.6%) exhibited cavernous sinus involvement. There was no statistically significant difference between the early (75%) and late (78.1%) cohorts with respect to cavernous sinus involvement (p = 1.00). Histologically, null cell adenomas were most common (n = 23; 35.9%), and significantly more patients in the late cohort had these tumors (n = 16) compared with the early cohort (n = 7) (p = 0.036). Gonadotrophic (32.8%) and silent corticotrophic tumors (31.2%) were the next most common types of macroadenoma.
surgical outcomes
After transsphenoidal surgery, tumor volumes were reduced by an average of 82.8% (6.9 cm 3 ) and 87.7% (9.9 cm 3 ) in the early and late cohorts, respectively. A majority of patients (n = 49; 76.6%) exhibited a residual tumor that was identified on radiographic imaging studies at 2 months after surgery, which was consistent across groups (p = 1.00). Average residual tumor volume at 2 months following surgery was 1.94 cm 3 in the early group (n = 26) and 1.95 cm 3 in the late group (n = 23), which was not a significant difference (p = 0.99). Six (25%) of 24 total patients experienced resolution of the preoperative endocrinopathies. There was no significant difference in the resolution of preexisting endocrinopathies (p = 1.00) or the development of new endocrinopathies after surgery across groups (p = 1.00) ( Table 3) .
gKrs parameters
In the early cohort, the average time to radiosurgery from surgical resection was 3.2 months (range 1.5-5.3 months). In the late cohort, the average time to radio-surgery from surgical resection was 27.6 months (range 6.6-77.1 months). In the late cohort, 11 (34.4%) patients received treatment within 6 to 12 months after subtotal resection, 4 (12.5%) patients received treatment within 12 to 24 months, and 17 (53.1%) patients received treatment longer than 24 months after subtotal resection. The median maximum dose to the tumor was 32 Gy in both cohorts (range 10-40 Gy). The median tumor margin dose was 16 Gy (range 5-20 Gy). The average target volume was numerically larger in the late cohort (5.6 cm 3 ) compared with the early cohort (4.5 cm 3 ), but this was not significantly different cross groups (p = 0.17). The maximum dose to the visual pathways (optic apparatus) was typically limited to an average of 4.2 Gy (Table 4) . Whenever necessary, shielding was used to limit the radiation dose to the optic apparatus.
radiological outcome
Patients in the early cohort had an average of 57.2 months of radiographic follow-up (range 10.8-201.3 months). Patients in the late cohort had an average of 84.5 months of radiographic follow-up (range 21.6-218.9 months). In the early cohort, 11 (34.4%) patients underwent more than 5 years and 4 (12.5%) patients underwent more than 10 years of radiographic follow-up. In the late cohort, 23 (71.9%) patients underwent longer than 5 years and 4 (12.5%) patients underwent longer than 10 years of radiographic follow-up. Over this period, a significantly higher proportion (n = 27; 84.4%) of patients in the late cohort exhibited residual tumor that was visible on imaging at the last follow-up compared with patients in the early cohort (n = 18; 56.3%) (p = 0.027). The vast majority (91.1%) of all residual tumors across both groups (94.4% in the early group and 88.9% in the late group) remained stable in size over the postradiosurgical follow-up period. However, significantly more patients in the early cohort experienced the resolution of postoperative residual tumor (34.6%) than patients in the late cohort (8.7%) (p = 0.042). Tumor growth, which was defined as a greater than 15% increase in tumor volume, was exhibited in 1 patient (5.6%) in the early cohort and 3 patients (11.1%) in the late cohort (p = 0.639). Two patients (6.3%) in the early cohort exhibited growth or new residual tumor at the last follow-up imaging versus 9 patients (28.1%) in the late cohort (p = 0.043) ( Table 5) . Two patients, both in the late cohort, underwent repeat resection FU = follow-up; TSR = transsphenoidal resection. * One female patient had low gonadal levels and was on replacement, but was included with other patients with panhypopituitarism. † Nine patients had low cortisol levels and were on replacement, but were included with other patients with panhypopituitarism. ‡ Includes 2 or more endocrine abnormalities. § Number of patients who received repeat TSR per group is shown.
after GKRS (1 patient due to interval tumor growth and 1 patient on an elective basis for optic nerve decompression).
endocrine outcome
At the time of GKRS, 41 (64.1%) of 64 patients had some degree of pituitary insufficiency, with a similar number across groups (p = 1.00). A significantly higher proportion of patients in the late cohort without endocrinopathy before GKRS developed new endocrinopathies over the follow-up period: 2 (16.7%) of 12 patients in the early cohort compared with 7 (63.6%) of 11 patients in the late cohort (p = 0.036). Of 9 total patients who developed new endocrinopathies, 1 case (in the late cohort) was attributed to tumor growth, 4 cases to reoperation, and 4 cases to radiosurgery. When considering all patients with endocrinopathy at the last follow-up, a significantly higher number of patients in the late cohort exhibited endocrinopathy secondary to tumor growth generally before GKRS (8 of 28 patients) compared with the early cohort (0 of 20 patients) (p = 0.014). There were no significant differences in endocrinopathy secondary to reoperation or radiosurgery across groups. In the early group, radiationassociated pituitary insufficiency developed in 1 of 2 patients with completely new endocrinopathies. In the late group, radiation-associated pituitary insufficiency developed in 3 of 7 (42.9%) patients with completely new endocrinopathies. In total, a significantly higher proportion of patients in the late cohort (87.5%) exhibited endocrinopathy at the last clinical follow-up compared with 62.5% in the early cohort (p = 0.041) (Fig. 1) . These included only 4 (12.5%) new cases (by type, not patient) of endocrinopathy in the early cohort versus 12 (37.5%) in the late cohort (p = 0.041) ( Table 5 ).
The resolution of endocrine dysfunction was further analyzed by the type of endocrinopathy, including hypogonadism, hypocortisolism, hypothyroidism, and panhypopituitarism. One female patient with hypogonadism and 3 patients with hypocortisolism had resolution of hypopituitarism in the early cohort. In the late cohort, 4 male patients with hypogonadism, 2 patients with hypocortisolism, 2 patients with hypothyroidism, and 4 patients with panhypopituitarism showed evidence of clinical resolution. There was no significant difference in the resolution of symptoms across groups (p = 1.00). 
discussion
Pituitary adenomas represent common benign lesions that are found in approximately 10% to 30% of the general population. 12, 60 Nonfunctioning pituitary adenomas are typically slow-growing, hormonally quiescent tumors that can often expand significantly in size before symptoms manifest. While these tumors are not characteristically malignant, hormonally inactive adenomas can develop into large macroadenomas and subsequently disturb normal pituitary gland function by mass effect. Transsphenoidal surgery can effectively and completely remove many nonfunctioning pituitary adenomas; however, tumors invading laterally into the cavernous sinus beyond the medial wall render total resection difficult and potentially risky. 44 GKRS has emerged as a highly effective treatment for residual or progressively growing nonfunctioning pituitary macroadenomas when gross-total resection cannot be achieved with surgery alone. Despite recent advances in the breadth and depth of available treatment modalities, the cumulative morbidity over a patient's lifetime associated with both of these treatments can be significant.
56
In the current study, a matched cohort of 64 patients underwent transsphenoidal resection followed by GKRS for residual nonfunctioning pituitary macroadenomas. GKRS was performed as an adjunctive therapy for patients with residual adenomas that were known-based on serial postresection imaging-to be locally invasive in the cavernous sinus, bone, or dura, or when recurrence was clearly manifested by a return of symptoms and the tumor was considered unlikely to respond to additional resection. 36 In the current study, all patients had residual tumor noted on direct intraoperative observation via microscopy and/or endoscopy at the time of resection. This time interval permits patients to recover from transsphenoidal resection, for postsurgical changes on MRI to subside, and more optimal imaging for GKRS targeting purposes. If there are equivocal changes on MRI at 2 to 3 months following surgery, then patients are typically placed into routine follow-up care with another brain MRI scheduled in 3 to 6 months. Thus, the early (≤ 6 months) and late (> 6 months) dichotomy of the radiosurgical cohorts was a natural phenomenon resulting from our clinical care paradigm.
One of the prominent findings in this study was the significant difference in the rate of tumor control. Over an average radiographic follow-up of 70.8 months, there Hypocort = hypocortisolism; panhypopit = panhypopituitarism; hypothyroid = hypothyroidism; GH = growth hormone. * Number of patients in each group with residual tumor at the last radiographic follow-up (e.g., 18 of 32 patients and 27 of 32 patients, respectively). † Same as postoperative endocrinopathy. ‡ Percentage of all patients in the group. § Five patients in the late GKRS group developed endocrinopathy after the first TSR, not a repeat operation. ¶ Percentage of patients with pre-GKRS, not endocrinopathy.
was a greater risk of tumor progression after GKRS in the late treatment group. Significantly more patients in the late cohort exhibited residual tumor at the last follow-up (p = 0.027), as well as tumor growth or new tumor residual relative to postoperative imaging (p = 0.043) A significantly higher proportion of patients in the early cohort exhibited the radiographic resolution of residual tumor after GKRS (p = 0.042). One possible explanation for this difference is that tumors in patients demonstrating adenoma growth are less likely to be controlled with GKRS secondary to an inherently more aggressive tumor biology than those patients treated earlier. Nonetheless, there is no sufficient evidence to conclude that the tumor biologies of the early and late cohorts differed, as patients in this study were not randomized and patients in the early cohort (treated less than 6 months from the time of resection) were presumably not given adequate time to demonstrate tumor growth for most adenomas. Alternatively, as volume is well known to affect the outcomes of stereotactic radiosurgery, an adenoma with a larger volume may simply be less effectively controlled. The average tumor volume treated in the late cohort was slightly higher (by 1.1 cm 3 ), but there was no statistically significant difference (p = 0.17).
Subtotal resection without adjuvant treatment has been shown to result in recurrence rates ranging from 50% to 60% within 10 years of surgery. 9, 22, 34, 43, 46, 48 In a recent metaanalysis of the natural history of nonfunctioning pituitary adenomas, the incidence of growth in macroadenomas was reportedly 12.53 per 100 person-years. 18 Two years prior, O'Sullivan et al. found that 33.5% of 159 patients with nonfunctioning adenomas who underwent resection, but not postoperative radiation therapy or radiosurgery, demonstrated evidence of recurrence or growth at a median follow-up of 4.1 years (range 1-20.7 months). The 5-and 10-year actuarial rates of recurrence or growth of residual adenoma were 24.4% and 51.5%, respectively. 43 Other reports of surgically treated nonfunctioning adenomas suggest a 10-year rate of recurrence ranging from 19% to 78% after resection. 11, 12, 43, 46, 59 Given this high rate of progression in a 10-year period, radiosurgery has been recommended for patients with aggressive neuropathological attributes and younger patients with recurrent or residual tumors. 53 Stereotactic radiosurgery has become a common adjuvant treatment for patients with recurrent or residual nonfunctioning pituitary adenomas. A summary of previously reported studies of stereotactic radiosurgery for nonfunctioning pituitary adenomas has been reproduced in Table  6 . 4, 14, 17, 20, [23] [24] [25] [26] 28, 29, 33, 35, 37, 40, 41, 45, [47] [48] [49] [50] [51] 53, 56, 61, 63, 65 While stereotactic radiosurgery confers a high rate of tumor control (approximately 90%) and a low rate of neurological deficits, the promising results of adjuvant GKRS are largely byproducts of single-center retrospective studies. 4, 17, 20, [23] [24] [25] [26] 28, 29, 33, 35, 37, 41, 45, [47] [48] [49] 51, 55, 61, 65 More recently, a large-scale multicenter study proposed a strong benefit-to-risk profile of GKRS for patients with recurrent or residual growing nonfunctioning pituitary adenomas. 53 Despite such findings, a prominent challenge remains in establishing the optimal role and timing for GKRS during the postoperative period.
The prospect that radiosurgery plays an important complementary role to resection is further supported by the high reported rates of tumor control after GKRS. A recent series of 140 consecutive patients with nonfunctioning pituitary macroadenomas treated with GKRS at the University of Virginia Health System demonstrated an overall tumor control rate of 90% and an actuarial 5-year progression-free survival rate of 97%. The investigators demonstrated that tumor control was directly related to radiosurgical treatment volume, highlighting the important utility of microsurgical resection prior to GKRS for macroadenomas. 56 This sentiment was shared by Mingione et al. in 2006, who suggested a correlation between longer follow-up and a propensity for nonfunctioning pituitary macroadenomas to either grow or shrink. 37 Comparable data of the long-term outcomes of GKRS for nonfunctioning adenomas from Park et al. noted a 90% tumor control rate in 125 patients, with a mean follow-up of 62 months. 45 Similarly, Gopalan et al. demonstrated a tumor control rate of 83% with a median follow-up of 95 months. 20 Each of these studies noted that tumor volume was a predictor of new neurological decline, including delayed hypopituita- rism. 37, 45, 56 One explanation for tumor growth after GKRS might reside in the fact that larger adenomas in proximity to radiation-sensitive structures may limit the delivery of an ideal radiosurgical dose.
Despite the common progression of residual adenomas over time without further radiosurgical treatment, there exists a portion of patients with residual disease who do not have radiographic or clinical progression despite long follow-up times. It is difficult to predict which patients will have prolonged periods of stable tumor volume after subtotal resection alone and which patients will have progressive tumor growth within a short period of time after surgery. One of the principal arguments against early GKRS is that many residual adenomas may not progress and patients would be needlessly exposed to the potential complications of radiosurgery. Furthermore, under these circumstances, it remains unclear whether GKRS is as effective for treating actively growing pituitary adenomas compared with radiographically stable adenomas.
Another salient finding of the present study was the significant difference in the rates of endocrinopathy based on the interval between the last subtotal resection and GKRS.
Over an average clinical follow-up of 65 months, there was a significantly higher occurrence of post-GKRS endocrinopathy in the late treatment cohort (p = 0.041). This difference was secondary to a significantly higher rate of tumor growth during the observation period prior to GKRS of the late treatment cohort (p = 0.014). Seventeen percent of patients without endocrinopathy in the early cohort developed new endocrinopathies following radiosurgery versus 64% in the late cohort (p = 0.036). The present study has several strengths; chief among them is the number of patients and longitudinal nature of follow-up relative to other reports in the literature. Comprehensive radiographic, neurological, and endocrinologi- cal examinations were instrumental in describing the outcomes from resection and adjuvant radiosurgery. Although the current study represents a long mean follow-up duration, there are several weaknesses of the study that should be noted. This is a single-center analysis and thereby reflects the treatment bias of our institution and referral patterns. Furthermore, this is a retrospective analysis and is, therefore, inherently subject to bias. Larger patient pools could use propensity score matching techniques to reduce some biases. Similarly, patient bias may have resulted from some patients desiring early treatment versus others who preferred to be monitored for a longer period before deciding to proceed with radiosurgery. To help control for single-neurosurgeon selection bias, our institution has a multidisciplinary neuroendocrine group and biweekly case conferences. In fact, there was no tendency noted for bias for early versus late GKRS among the neurosurgeons who performed resections. Finally, the median follow-up period was 7.42 years; thus, we may have incompletely assessed delayed endocrine dysfunction and/or tumor control.
Further prospective and randomized studies would be necessary to definitively conclude that early treatment with radiosurgery reduces the rate of tumor progression and provides superior endocrine outcomes. Going forward, longitudinal follow-up studies with special emphasis on the timing of concomitant resection and radiosurgery in patients with pituitary macroadenomas will help further elucidate the natural history of surgically treated tumors.
conclusions
Early GKRS appears to decrease the rate of radiographic and symptomatic progression of subtotally resected nonfunctioning pituitary macroadenomas compared with expectant management. Delaying radiosurgery may place the patient at increased risk for adenoma progression and endocrinopathy.
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